We have studied the electron-transport properties of strained-Si on relaxed Si 1Ϫx Ge x channel MOSFETs using a Monte Carlo simulator adapted to account for this new heterostructure. The low-longitudinal field as well as the steady-and nonsteady-state high-longitudinal field transport regimes have been described in depth to better understand the basic transport mechanisms that give rise to the performance enhancement experimentally observed. The different contributions of the conductivity-effective mass and the intervalley scattering rate reduction to the mobility enhancement as the Ge mole fraction rises have been discussed for several temperature, effective, and longitudinal-electric field conditions. Electron-velocity overshoot effects are also studied in deep-submicron strained-Si MOSFETs, where they show an improvement over the performance of their normal silicon counterparts.
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I. INTRODUCTION
Recent developments in epitaxial growth techniques of Si/Si 1Ϫx Ge x heterostructures have allowed so-called bandgap engineering in this material. Relaxed Si 1Ϫx Ge x layers have been grown on Si substrates, thus reducing the threading defect density. [1] [2] [3] These technological improvements have allowed the fabrication of Si/Si 1Ϫx Ge x modulationdoped heterostructures where an electron-inversion-layer mobility enhancement has been experimentally observed by several authors. 3, 4 Significant mobility improvements have also been reported in n-and p-MOSFETs with strained-Si long channels built using standard CMOS processing. 5, 6 The scaling of MOSFET dimensions has pushed channel lengths to under 0.1 m, 7, 8 and therefore a high doping concentration has to be used in order to limit short-channel effects. These doping profiles reduce mobility due to higher Coulomb scattering rates. 9, 10 To solve these problems, the use of nonuniform doping concentrations has recently been suggested: boron implant, 11 silicon-epitaxial growth on heavily doped substrates, 12 etc. The mobility enhancement observed in Si/Si 1Ϫx Ge x -based structures is an optional approach to increase MOSFET drive current and transconductance. The mobility improvement observed in strained-Si channel MOSFETs has been explained by means of the reduction of the carrier conductivity-effective mass and the intervalley scattering rates. 6 This is due to the split of the sixfold degeneracy in the Si conduction band minimum, caused by the interface strain. 13 The sixfold degenerate valleys separate into two groups: two lowered valleys with a longitudinal mass axis normal to the interface and four raised valleys having a longitudinal mass axis parallel to the interface. 13, 14 The mobility improvement explanation based on the split of the sixfold degeneracy of the conduction band has been done qualitatively; however, a more quantitative description of these effects would be desirable in order to accurately predict the behavior of devices whose fabrication is based on strained-Si on relaxed Si 1Ϫx Ge x heterostructures.
To achieve such a description, we have undertaken a comprehensive study on the electron transport in strained-Si channel MOSFETs at three different levels: ͑i͒ The first level was the study of the low-longitudinal electric-field channel mobility vs the effective electric field ͑Sec. III͒. ͑ii͒ In the second level we obtained the steady-state electron velocity vs the longitudinal electric field curves. At this level, we obtained the energy-and momentum-relaxation times making use of an accurate extraction of an average-conductivity effective mass ͑Sec. IV͒. ͑iii͒ The difference of the relaxation times observed for different Ge mole fractions led us to study nonlocal-transport effects such as electron-velocity overshoot, which was the third level ͑Secs. V and VI͒. Most of the conclusions extracted here are also directly connected to 2D strained-Si on relaxed Si 1Ϫx Ge x inversion modulationdoped layers.
The influence of the Ge mole fraction x and temperature conditions on the improvement of the behavior of important transport parameters such as the low-longitudinal field mobility, relaxation times, MOSFET transconductance, etc., has been described in detail, as well as the Ge mole fraction at which this influence saturates. We have achieved this task by modifying a Si MOSFET Monte Carlo simulator to account for this new structure. Monte Carlo simulation was chosen because it is held to contain a more rigorous description of device physics than the models based on the solution of the fundamental balance equations. 15, 16 
II. MONTE CARLO MODEL
We have developed a strained-Si n-type Monte Carlo simulator by adapting a previous unstrained-Si one which includes inversion-layer quantization and a nonparabolic band model. 9, [17] [18] [19] [20] [21] The electron energy for all our simulations was always under 0.5 eV, and so a nonparabolic simplified band structure can be used to accurately describe the a͒ Electronic mail: juamba@gcd.ugr.es or paco@gcd.ugr.es Si band structure. 16 The 2D Poisson equation is solved throughout the MOSFET to account for short-channel effects, known to be important for submicrometer devices. The quantization effects are included by solving the Poisson equation coupled with the one-dimensional Schrodinger equation all along the channel. The value of the conduction band offset for the fourfold in-plane bands over the value for the twofold out-of-plane bands was 0.67x eV, where x was the Ge mole fraction 22 and the valley shape was not modified by the strain. Phonon, surface-roughness, and Coulomb scattering rates have been evaluated at each point of the channel making use of the same models, constants, and band structure for our unstrained-Si MOSFET simulator as described elsewhere.
9,17-21 Rieger and Vogl have provided parameterized expressions giving the effective masses in strained Si. 23 We have studied the role of the strain on the effective masses, and have calculated the modifications that this effect produces on the electric characteristics of the device. We have also compared them with the value obtained when this phenomenon is ignored. For example, we have observed that at room temperature and for a given bias, the ground subband energy level for a Germanium mole fraction xϭ0.4 modifies from 66.54 meV ͑when the strained-effective masses are considered͒ to 66.01 meV ͑when unstrainedeffective masses are taken into account͒. According to this, the effective masses of the electron were assumed to be the same as in unstrained silicon, as it is usually done. Changes in nonparabolicity with strain have been neglected as second-order effects.
III. LOW-LONGITUDINAL ELECTRIC-FIELD SIMULATIONS
We have simulated a long-channel MOSFET for a small drain-source voltage and several gate-source voltages. The MOSFET structure was formed by a strained silicon layer ͑100 Å thick͒ grown epitaxially on a relaxed Si 1Ϫx Ge x substrate. The doping profile used was reported by Iwase et al. 24 for the 0.1 m channel-length MOSFET they fabricated ͑ox-ide thickness was 40 Å͒. We have chosen this doping profile to ensure that the results obtained in this section are coherently related to the work in Secs. IV and V, since one of the goals of our study is the description of the enhancement of the transconductance and drain current produced by nonlocal electron-transport effects such as velocity overshoot in very short Si/Si 1Ϫx Ge x channel MOSFETs. Nevertheless, all the results obtained in this section have been obtained for very long channel transistors.
The evolution of four lowest-energy unprimed and the two lowest primed sub-bands, according to the widely used nomenclature described in Ref. 25 , in the middle of the channel has been calculated at room and low temperature for different Ge mole fractions and an effective-electric field of 7.7ϫ10 5 V/cm. The relative position of the primed over the unprimed sub-band energy levels increases linearly as x rises. This is due to the increase ͑proportional to x͒ of the four conduction band minima on the in-plane ͗100͘ axes with respect to the two minima on the ͗001͘ axes normal to the plane. The separation of the primed subbands over the value they have for unstrained silicon (xϭ0) produces an exponential reduction of the population of these sub-bands, as can be observed in Fig. 1 , where the subband inversion charge is shown vs x at both room and low temperatures for the same effective electric field reported above. The low-longitudinal electric field mobility curves vs the effective electric field have been calculated using our Monte Carlo simulator for different Ge mole fractions at 300 and 77 K ͑Fig. 2͒. Coulomb scattering was neglected, therefore only phonon and surface-roughness scattering have been taken into account. It has been reported that a universal mobility curve is obtained in this case when represented vs the effective field.
9,10,26 An important low effective-field mobility enhancement is noticeable at 77 and 300 K for nonzero Ge mole fractions. This enhancement saturates for xϭ0.2 and xϭ0.05 at room and low temperatures respectively, as can be seen in Fig. 3 , where the ratio between the mobility enhancement for strained-Si MOSFETs and the unstrained-Si MOSFET mobility is shown at 300 and 77 K for E eff ϭ5ϫ10 5 V/cm. A different behavior can be observed at high effective fields: mobility curves for strained-Si are higher than the curves for unstrained-Si at 300 K, while they join the unstrained-Si curve at 77 K. Some features of the mobility curves presented in Fig. 2 have been observed experimentally by Welser et al. 5, 6 and similar ones have also been found in modulation-doped strained-Si on relaxed Si 1Ϫx Ge x heterostructures. In this case, the Coulomb scattering related to the oxide charge, Si/SiO 2 interface charge, and the silicon bulk ionized impurities is greatly reduced. However, some of the conclusions below also apply to modulation-doped Si/Si 1Ϫx Ge x heterostructures. The mobility results obtained can be understood as shown in the following sections.
A. Reduction of the average conductivity-effective mass
As shown in Fig. 1 , the population of the primed subbands decreases as x rises. This fact implies a smaller contribution to the electron transport of the electrons in those subbands. The conductivity-effective mass of the electrons in the primed sub-bands is higher than the conductivityeffective mass of electrons in unprimed subbands, so there is a reduction of the average conductivity-effective mass ͑the conductivity-effective mass after taking into consideration the contribution of the effective mass associated to each subband͒. For a fixed value of E eff the population of the primed subbands is lower at 77 K than at 300 K, so a higher mobility is expected at low temperature for unstrained-Si channel MOSFETs in this respect. The population reduction of these sub-bands as x rises is also greater at 77 K than at 300 K; however, the relative contribution of electrons in primed subbands to electron transport at 77 K is lower than at 300 K. Therefore, at low temperature, the effective mass reduction saturates sooner. The contribution of this reduction is less significant than at room temperature, as can be seen in Fig. 3 .
We have calculated the average conductivity-effective mass, m A * , in order to quantitatively obtain the influence of the population reduction of the primed sub-bands on the mobility improvement as the Ge mole fraction rises. The average conductivity-effective mass can be calculated making use of Eq. ͑1͒, where m* and f are the conductivity-effective mass and the fraction of the inversion-layer electrons connected to the unprimed sub-bands, and m*Ј and f Ј are the conductivity-effective mass and electron fraction of the primed subbands:
The conductivity-effective mass associated to each subband can be calculated by means of Expression ͑2͒, 25 where ␣ and ␤ directions are parallel to the oxide interface:
For the unprimed sub-bands m ␣ ϭ m ␤ ϭ m t * , while for primed sub-bands m ␣ ϭ m t * and m ␤ ϭ m l * , finally obtaining
͑3͒
The evolution of ratio f Ј/( f ϩ f Ј) and m A * as x increases is shown at room and low temperatures in Fig. 4 for two effective fields: 5.5ϫ10 5 V/cm ͑solid line͒ and 7.7ϫ10 5 V/cm ͑dashed line͒ at 300 and 77 K. The average conductivity-effective mass remains almost constant all along the Ge mole fraction range at low temperature due to a negligible fraction of electrons in the primed sub-bands, even for xϭ0, at 77 K, as can be seen in the squares at both effective fields ͓Fig. 4͑a͔͒. At room temperature, the strained-Si layer average conductivity-effective mass is lower than the unstrained-Si one. The reduction of the average conductivity-effective mass at room temperature is higher than at low temperature, observable in Fig. 4͑b͒ . The fraction of electrons in the first primed sub-band is higher than the fraction of electrons in the first unprimed sub-band at low effective fields and room temperature, 27 therefore a higher reduction of the average conductivity-effective mass is expected at room temperature than at low temperature. This reduction saturates for xϭ0.1 at Tϭ300 K, and was found to be 11% for E eff ϭ5.5ϫ10
5 V/cm ͑solid line͒ and 8% for E eff ϭ7.7ϫ10
5 V/cm ͑dashed line͒. The higher fraction of electrons in the first primed sub-band found at room temperature implies that the effects of the reduction of the average conductivity-effective mass will be stronger under these conditions and therefore higher mobility is expected, as can be seen in Fig. 2 , and as has been reported previously. 28 At low effective fields the population reduction of the primed sub-bands produced by higher mole fractions obviously saturates later. At high effective fields and 300 K, the mobility improvement saturates for xϭ0.1 ͓Fig. 2͑a͔͒; in this case all the strained-Si mobility curves merge. At 77 K all the mobility curves merge at high effective fields no matter the value of x ͓Fig. 2͑b͔͒.
B. Reduction of intervalley scattering
It is known that the conduction band offset due to the strain produces the separation of the energy levels related to the primed sub-bands with respect to the unprimed ones as x rises. This fact makes the intervalley scattering rates decrease as the Ge mole fraction increases. In order to clarify this result, we have plotted the difference of the first primed and unprimed sub-band energy levels for E eff ϭ5.5ϫ10 5 V/cm ͑solid line͒ and E eff ϭ7.7ϫ10
5 V/cm ͑dashed line͒ at both room and low temperatures ͑Fig. 5͒. The phonon energy associated to the three f intervalley processes plus the 2D thermal energy has been plotted to assess the influence of this reduction on the mobility enhancement found as x rises. These phonon-scattering rates have been deduced by using Price's formulation. 29 The intervalley transitions are described using Jacoboni's bulk-phonon model. 30, 31 As can be seen in Fig. 5 , the distance of these phonon energy levels to the sub-band energy difference is lower at 300 K, making intervalley scattering events more likely than at 77 K. This fact causes the intervalley scattering reduction to contribute in the same way as the reduction of the average conductivityeffective mass does to improve the mobility. Keeping in mind that the difference between the first primed and unprimed sub-band energy levels increases as x rises, it is obvious that the decrease of the intervalley scattering rates does not saturate because the higher the Ge mole fraction, the higher the difference between the first primed and unprimed sub-band energy levels and the less likely the f   FIG. 4 . ͑a͒ Fraction of electrons in primed subbands vs Ge mole fraction x and ͑b͒ ratio between the average conductivity-effective mass and the free electron mass vs Ge mole fraction x. ͓᭡:Tϭ300 K, :Tϭ77 K, E eff ϭ7.7ϫ10 5 V/cm ͑dashed line͒ and E eff ϭ5.5ϫ10 5 V/cm ͑solid line͔͒.
FIG. 5.
Difference of the first primed and unprimed subband energy levels vs Ge mole fraction x at Tϭ300 K ͑a͒ and Tϭ77 K ͑b͒ for E eff ϭ7.7ϫ10 5 V/cm ͑dashed line͒ and E eff ϭ5.5ϫ10 5 V/cm ͑solid line͒. Phonon energy associated to three f intervalley processes plus the 2D thermal energy for phonon temperatures of 220 ͑short dashed line͒, 500 ͑medium͒, and 685 ͑long dashed line͒.
intervalley scattering event will occur. However, as x rises the reduction of the intervalley scattering probability is such that a further decrease is not going to be noticeable in view of the low longitudinal-field mobility curves. Hence, a final conclusion regarding the main mechanism ͑average conductivity-effective mass reduction or intervalley scattering rates reduction͒ that produces MOSFET mobility and therefore MOSFET performance enhancement cannot be drawn, mostly due to the two mechanisms being linked, since higher intervalley scattering rates produce a greater population of primed sub-bands. Nevertheless, there is a direct correlation between the reduction of the average conductivity-effective mass ͓Fig. 4͑b͔͒ and the mobility enhancement ͑Fig. 2͒ in connection with the behavior of the reduction of both parameters as the temperatures and effective fields increase. This fact makes us surmise that the low longitudinal-field mobility increase is mainly due to the average conductivity-effective mass reduction as the Ge mole fraction rises. Further proof of this statement will be given in the sections below. In that respect, we will show that the influence of the reduction of the intervalley scattering rates on the electron transport in the channel are important at high longitudinal fields; in this case, the electron kinetic energy would be high enough to make this scattering mechanism significant and produce separation ͑without saturation͒ of the electron energy curves regardless of the Ge mole fraction.
IV. HOMOGENEOUS STEADY-STATE HIGH-LONGITUDINAL ELECTRIC-FIELD SIMULATIONS
We have simulated strained-Si on relaxed Si 1Ϫx Ge x long-channel MOSFETs in order to obtain the steady-state electron-velocity curves vs the longitudinal electric field ͑see Figs. 6 and 7͒. To do so, we adjusted the gate-source voltage needed to reach an effective field of 7.7ϫ10 5 V/cm, approximately similar to the one used above to study the sub-bandenergy-level distribution at 300 and 77 K. Under this gatesource bias we increased the longitudinal field step by step, recording the most important transport magnitudes when the steady-state was reached. Apart from the phonon and surface-roughness scattering mechanisms ͑the ones used to obtain the mobility curves in Fig. 3͒ , the Coulomb scattering mechanism has also been taken into account as reported in Ref. 21 to ensure that all the most important scattering mechanisms involved in electron transport in the MOSFET channel are included. The saturation velocities obtained were almost the same for all Ge mole fractions: 1.1ϫ10 7 cm/s at 300 K, and 1.4ϫ10 7 cm/s at 77 K, although they were a bit higher for xϾ0. This occurrence has also been reported by Miyata. 32 The velocity curves at 77 K ͓Fig. 6͑a͔͒ are all the same for low-longitudinal fields. This behavior is coherent with FIG. 6 . Steady-state drift-electron velocity curves ͑a͒ and electron energy ͑b͒ vs longitudinal electric field for E eff ϭ7.7ϫ10 5 V/cm at Tϭ77 K. ͑᭡:xϭ0; :xϭ0.2; ૽:xϭ0.4͒.
FIG. 7.
Steady-state drift-electron velocity curves ͑a͒ and electron-average energy ͑b͒ vs longitudinal electric field for E eff ϭ7.7ϫ10 5 V/cm at Tϭ300 K. ͑᭡:xϭ0; :xϭ0.2; ૽:xϭ0.4͒.
that shown in Fig. 2͑b͒ at E eff ϭ7.7ϫ10 5 V/cm. As the longitudinal field rises, both the electron-velocity curves ͓Fig. 6͑a͔͒ and the average electron energy distribution ͓Fig. 6͑b͔͒ corresponding to different Ge mole fractions separate. This fact can be interpreted as follows: As can be seen in Fig. 5 , when the longitudinal field rises, the f phonon energies plus the electron energies are comparable to the first primed and unprimed sub-band energy-level difference, and therefore intervalley scattering processes are more likely. The effects of the nonsaturation of the reduction of this scattering mechanism can be observed in Figs. 6͑b͒ and 7͑b͒ ; the higher the x, the lower the intervalley scattering probability and the higher the energy that an electron can reach. The different low-field strained-and unstrained-Si channel mobility curves observed in Fig. 2͑a͒ at E eff ϭ7.7ϫ10 5 V/cm produce different velocity curves in Fig. 7͑a͒ at room temperature. When the electron energy is high enough, neither the reduction of the intervalley scattering rates nor the average conductivity-effective mass have much influence on electron transport, since at these high electric fields the electron energy is high and the population of the primed sub-bands is scarcely affected by the strain whatever the mole fraction. Both energy and velocity curves merge at 300 and 77 K at high longitudinal fields. In this respect, the saturation-velocity-transport regime is not affected by the strain at the heterointerface.
The energy-and momentum-relaxation times can be calculated making use of the data shown in Figs. 6 and 7. Different relaxation times are expected as x changes due to distinct electron energy curves ͓Figs. 6͑b͒ and 7͑b͔͒. We have obtained the relaxation times using the following expressions:
where p and w are the momentum-and energy-relaxation times, m ANPB * the average nonparabolic conductivityeffective mass, w the electron energy, w 0 the electron energy for a zero longitudinal-electric field, q the electron charge, and v(E ʈ ) the electron velocity. The electrons drift due to E ʈ , the longitudinal-electric field. We have calculated m A * by means of Eqs. ͑1͒-͑3͒. In addition, we corrected m A * to account for the nonparabolicity of the Si bands, which is known to be important at high electron energies ͑Expression 5͒. The nonparabolic parameter was set to ␣ϭ0.5 eV Ϫ1 : 31, 35 m ANPB * ϭm A *͑1ϩ2␣w͒.
͑5͒
The relaxation times for different Ge mole fractions and temperatures are shown in Fig. 8 . They are different throughout the 0.05-0.4 eV electron-energy range, as expected taking into consideration the comments in the section above. The momentum-relaxation times are smaller than the energy ones; as expected they also show ͑for xϭ0͒ the usual shape reported by several authors. 34 A detailed explanation of the main causes that produce the mobility enhancement observed in strained-Si MOSFETs has been given in this section.
As it is well known, the difference between the momentum-and energy-relaxation times produces nonlocal electron transport effects such as electron-velocity overshoot. 7, [36] [37] [38] These effects are expected to occur on a time scale shorter than the energy-relaxation time. Experimental evidence of velocity overshoot in silicon inversion layers has been reported previously. 7, [36] [37] [38] As these effects are known to be important in deep-submicron MOS transistors, they are dealt with in the next two sections.
V. NONSTEADY-STATE HIGH-LONGITUDINAL ELECTRIC FIELD SIMULATIONS
One of the most important MOSFET figures of merit when dealing with digital electronics is transconductance. MOSFET transconductance and drain current are both affected by electron-velocity overshoot effects in very shortchannel MOSFETs. When MOSFET dimensions shrink to the deep-submicrometer regime, the electron transit time is comparable to the energy-relaxation time, and velocityovershoot effects become noticeable.
It is foreseeable that the higher energy-relaxation times observed in Fig. 8 as x rises lead to increased electronvelocity overshoot effects and therefore higher MOSFET transconductances as channel dimensions are reduced. As can be seen in Figs. 6 and 7 , the saturation velocity is almost the same regardless of the Ge mole fraction; therefore, the advantages of using strained-Si channel MOSFETs are reduced at high longitudinal fields. Hence, the use of strained-Si on relaxed Si 1Ϫx Ge x channel MOSFETs to enhance their silicon counterpart performance would be limited to low effective fields, which means low doping profiles and low-longitudinal electric fields. In summary, long-channel MOSFETs are the only possible alternative. However, the improvement of the velocity overshoot effects represents an important means of increasing strained-Si channel MOSFET performance compared to unstrained-Si MOSFETs at high longitudinal fields.
We have studied velocity-overshoot effects by applying a sudden longitudinal electric field of 2ϫ10 5 V/cm to a steady-state electron distribution achieved under the influence of a longitudinal electric field of 1ϫ10 4 V/cm. The transverse-electric field chosen was the same one used in other simulations, 7.7ϫ10 5 V/cm. The time evolution of the electron velocity is shown in Fig. 9 . It is clear that the time taken to reach the steady-state velocity corresponding to a longitudinal electric field of 2ϫ10 5 V/cm increases as x rises. This result is coherent with the energy-relaxation times shown in Fig. 8 . The average electron energy before applying the sudden high longitudinal field was approximately 0.05 eV at 77 K; corresponding energy-relaxation times are 4, 3.5 and 1 ps for xϭ0.4, 0.2 and 0, respectively, which are similar to the times for the electron-velocity distributions to reach their respective steady-state values. There is a good correspondence between both times in this respect. However, the relaxation times vary as the electron energies increase ͑Fig. 8͒. Therefore, taking into account that the average electron-energy distributions at 77 and 300 K evolve from 0.05-0.07 to 0.2-0.3 eV and the energy-relaxation times evolve in a parallel way, no more than a slight correlation can be mentioned. Nevertheless, it is clear that the increase of the energy-relaxation times as x rises causes the time taken to reach the steady-state to be longer and hence enhances the velocity overshoot effects.
As can be observed in Fig. 8 , the momentum-relaxation times associated to strained-Si channel MOSFETs increases as x rises, for an average electron-energy range of 0.05-0.4 eV. This was the average electron-energy range obtained in our simulations for all the different Ge mole fractions. The higher momentum-relaxation times obtained for greater values of x produce higher velocities, as can be noted in Fig. 9 . This effect is also observed at low temperature, where the momentum-relaxation times are all higher than at room temperature; in this case higher velocities are reached, and velocity-overshoot effects are more important at low temperature. The energy-relaxation times are almost identical at 300 and 77 K, so the time to reach the steady-state is similar in both cases; however, it is a bit longer at low temperature due to the higher velocities reached by the electrons after the application of the longitudinal field step produced by longer momentum-relaxation times at 77 K.
VI. INHOMOGENEOUS STEADY-STATE HIGH-LONGITUDINAL ELECTRIC FIELD SIMULATIONS
The electron-velocity increase caused by the highlongitudinal field gradient found at the source of shortchannel MOSFETs makes the drain current and the transconductance higher than in cases where these overshoot effects do not exist in this edge of the channel. The inversion charge and electron velocity at the source fix the drain current value, which is constant throughout the channel. The velocity increase as electrons go toward the drain is accompanied by a reduction of the inversion charge in order to keep their product constant and equal to the drain current all along the channel.
We have simulated several 0.1-m-channel-length MOSFETs for xϭ0, 0.1, 0.2, and 0.3. The doping profile was as reported previously, oxide thickness was 40 Å, and the source and drain junction depths were x j ϭ100 nm. The MOSFET external bias was V DS ϭ0.5 V, V GS ϭ1.5 V, and V SB ϭ0 V. The inhomogeneous steady-state velocity distribution along the channel obtained for each Ge mole fraction is plotted in Fig. 10 at room temperature. The electron velocity is higher than the saturation velocity ͓which has been shown to be the same for all x, Fig. 7͑a͔͒ for strained-and unstrained-Si channel MOSFETs near the drain edge. This effect is due to the high-longitudinal electric field gradient the carriers face as they travel toward the drain. This gradient makes the electrons overshoot the velocity they would have if they were subject to homogeneous steady-state transport ͑long channels͒. In order to estimate what the homogeneous steady-state electron velocity would be, we have plotted the velocity obtained by means of Thornber's expression 39 using the low-longitudinal field-mobility curve and the longitudinal field distribution obtained along the channel for xϭ0 ͑squares͒. It is always below the saturation velocity limit, as expected. The homogeneous steady-state electron velocity is slightly lower than the inhomogeneous steady-state electron velocity even at the source edge. This is produced by the high-longitudinal electric field step the electrons face as they enter the channel. The time response would be similar to the one shown in Fig. 9 ; however, as the electrons continue their way toward the drain, they come under the influence of a high-longitudinal field gradient that makes them accelerate continuously for periods shorter than the energy-relaxation times corresponding to the electron energies in those cases. Thus, the electrons can reach velocities greater than the saturation one; they also have velocities higher than the corresponding homogeneous steady-state one ͑solid line͒ all along the channel, particularly at the source edge. This fact implies greater MOSFET transconductance than if there were no velocity overshoot effects. In this respect, the higher the energy-and momentum-relaxation times that strained-Si channel MOSFETs have ͑Fig. 8͒, the higher the electronvelocity distribution and consequently the higher the transconductance and the drain current that can be obtained as the Ge mole fraction rises.
VII. CONCLUSIONS
A Monte Carlo simulator has been used to study the electron transport properties of strained-Si on relaxed Si 1Ϫx Ge x channel MOSFETs and the performance improvement of these devices both at low and high-longitudinal fields. The performance improvement observed in low longitudinal fields is mostly produced by a reduction of the average conductivity-effective mass as the Ge mole fraction rises, while the reduction of the intervalley scattering rates is not very important. The explanation found for the mobility enhancement reached in strained-Si MOSFETs by separating the contribution of the average conductivity-effective mass and intervalley scattering reduction allowed us to describe the saturation of this mobility improvement observed at different temperatures and effective electric fields. In the highlongitudinal field regime the electron-velocity overshoot effects due mainly to the reduction of the intervalley scattering rates, as the Ge mole fraction increases, improve MOSFET drain current and transconductance. This improvement is related to the longer energy-and momentum-relaxation times achieved in these devices.
